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ABSTRACT: BIPV systems are small PV generation units spread out over the territory, and whose characteristics are 
very diverse. This makes difficult a cost-effective procedure for monitoring, fault detection, performance analyses, 
operation and maintenance. As a result, many problems affecting BIPV systems go undetected. In order to carry out 
effective automatic fault detection procedures, we need a performance indicator that is reliable and that can be applied on 
many PV systems at a very low cost. The existing approaches for analyzing the performance of PV systems are often 
based on the Performance Ratio (PR), whose accuracy depends on good solar irradiation data, which in turn can be very 
difficult to obtain or cost-prohibitive for the BIPV owner. We present an alternative fault detection procedure based on a 
performance indicator that can be constructed on the sole basis of the energy production data measured at the BIPV 
systems. This procedure does not require the input of operating conditions data, such as solar irradiation, air temperature, 
or wind speed. The performance indicator, called Performance to Peers (P2P), is constructed from spatial and temporal 
correlations between the energy output of neighboring and similar PV systems. This method was developed from the 
analysis of the energy production data of approximately 10,000 BIPV systems located in Europe. The results of our 
procedure are illustrated on the hourly, daily and monthly data monitored during one year at one BIPV system located in 
the South of Belgium. Our results confirm that it is possible to carry out automatic fault detection procedures without 
solar irradiation data. P2P proves to be more stable than PR most of the time, and thus constitutes a more reliable 
performance indicator for fault detection procedures. We also discuss the main limitations of this novel methodology, and 
we suggest several future lines of research that seem promising to improve on these procedures. 
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1 INTRODUCTION 
  
 Photovoltaic (PV) systems can be classified into two 
main groups: 
 Large ground-mounted PV plants, whose 
nameplate power stands somewhere between 
1 MW and 1 GW. 
 Building Integrated Photovoltaics (BIPV).  
 The Operation and Maintenance (O&M) of PV plants 
is commonly assisted by Supervisory Control And Data 
Acquisition (SCADA), which register sizeable quantities 
of information relating to the operation of the system. 
These data often include power, voltage, current, and 
energy output measured up to the PV module string level, 
at Direct Current (DC) and Alternating Current (AC) 
levels. A weather station also measures solar irradiation, 
air temperature and wind speed [1,2,3]. 
 BIPV systems bear important differences respect to 
PV plants: 
 They consist of a large number of small PV 
generation units, whose power is usually of 
some kW, spread out over the territory. 
 They differ from one another by their size, 
components, orientation and tilt angles, 
topology, and quality. 
 They operate under weather conditions that 
vary from one installation to another, both in 
space and in time. 
 They usually each belong to a different owner. 
 Their energy output recorded by the energy 
meter is often the only accurate information 
available from them. 
 This reality makes difficult a cost-effective procedure 
for monitoring, fault detection, performance analyses, 
operation and maintenance. As a result, many problems 
affecting BIPV systems go undetected. 
 Previous works have reported and analyzed the 
performance of thousands of BIPV systems worldwide 
[4,5,6,7,8,9,10]. A recent review of the performance of 
10,000 residential PV systems in France and Belgium 
concluded that, on average, the performance of a PV 
system is 15% lower than what could be achieved 
[11,12]. These studies have identified and quantified the 
main causes explaining the performance losses, and they 
have drawn a general picture of the state of the art. 
 BIPV performance diagnosis solutions are needed: 
 BIPV owners show interest in the follow-up of 
their system’s performance [13,14,15]. 
 BIPV installers are looking for efficient 
performance analysis procedures [16]. 
 Policy makers need more data to properly target 
the most relevant challenges [17,18]. 
 Science and industry require feedback from the 
field to pursue technological improvement 
further [19,20,21,22,23,24]. 
 The existing approaches for analyzing the 
performance of PV systems are often based on ratios 
between the energy output of a PV system and the solar 
irradiation that it receives [25,26,27]. 
The Performance Ratio (PR) is, by far, the most 
commonly used performance indicator today. It is 
defined as: 
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where: 
 T is the time interval during which the solar 
irradiation was received and the PV energy was 
produced. 
 EPV is the electrical energy output produced by 
the PV system. 
 * refers to Standard Test Conditions (STC). 
 P* is the PV array’s rated power under STC. 
 G* is the global solar irradiance under STC 
(i.e. G* = 1000 W/m2). 
 G is the global solar irradiance received by the 
PV generator. 
In order to perform an effective automatic fault 
detection procedure for BIPV, we need a performance 
indicator whose main characteristics are: 
 It is as stable as possible in absence of failure. 
 It drops significantly in presence of a failure. 
 It can be applied at a low cost. 
Figure 1 shows the evolution of hourly PR of a 
BIPV system in Belgium during one year. It shows that 
PR is not stable enough to allow for accurate fault 
detections. 
Several causes can produce uncertainties in PR: 
 It is difficult to obtain reliable data on G. The 
data measured by pyranometers are not 
available at a sufficient spatial resolution. The 
data retrieved from satellites can convey 
important inaccuracies, due in particular to 
cloudiness, snow cover, aerosols, and low solar 
elevations angles. 
 Thermal losses affecting PV systems depend on 
the weather conditions, notably including air 
temperature, and wind speed [28]. 
Additionally, accurate solar irradiation, air 
temperature and wind speed data can be cost-prohibitive 
for the BIPV owner. 
In consequence, the use of PR for automatic fault 
detection procedures for BIPV faces several weaknesses. 
 
 
Figure 1: Hourly PR of a BIPV system during one year. 
PR shows wide variations, which makes its use more 
difficult as a fault detector for BIPV. 
 
We present an alternative fault detection procedure. 
It is based on a novel performance indicator that can be 
constructed on the sole basis of the energy production 
data measured at the BIPV systems. This procedure does 
not require the input of operating conditions data, such as 
solar irradiation, air temperature, or wind speed. 
The performance indicator is constructed from 
spatial and temporal correlations between the energy 
output of neighboring BIPV systems. The resulting 
performance indicator has been designated as 
Performance to Peers (P2P), because it is based on 
comparisons between neighboring and similar 
installations, i.e. peer PV systems. 
In this contribution, we explain the main steps 
leading to the construction of this novel performance 
indicator. We then explain how we use this performance 
indicator to perform automatic fault detection procedures. 
We also show the results of applying these procedures on 
one BIPV system. 
 
 
2 DATA 
 
The energy production data were collected by Rtone 
on approximately 10,000 BIPV systems located in 
Europe, mainly in Belgium, France and UK. These data 
correspond to approximately 3 years of operation (2011-
2014) and were measured with a temporal resolution of 1 
data each 10 minutes. These data where obtained through 
energy meters equipped with General Packet Radio 
Service (GPRS). Figure 2 shows the location of these 
BIPV systems monitored by Rtone in Europe. 
 
Figure 2: Location of the 10,000 BIPV systems 
monitored by Rtone in Europe. These systems are mainly 
located in France, Belgium and UK. 
 
Most of the BIPV systems that were analyzed in the 
context of this work are residential Building Added PV 
(BAPV) installations of a peak power from 1 to 10 kW, 
and located in the South of Belgium (Wallonia). Figure 3 
shows that the density of the PV installations monitored 
by Rtone is very high in this region. This context 
provides an ideal research playfield for developing a 
performance indicator based on comparisons between the 
energy outputs of neighboring installations. 
 
 
Figure 3: BIPV installations monitored by Rtone in the 
South of Belgium. In this region, the density of the BIPV 
installations monitored by Rtone is very high. 
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The results of our procedure are illustrated on the 
hourly, daily and monthly data monitored at one BIPV 
system located in the South of Belgium, and 
corresponding to one year of operation (April 2012 – 
March 2013). 
 
 
3 METHODOLOGY 
 
Our automatic fault detection procedure consists of 
two main consecutive steps: 
1) Construct a performance indicator from a 
comparison of the energy outputs of 
neighboring PV systems. This 
performance indicator needs to be as 
stable as possible when the PV system is 
not affected by performance problems. 
2) Detect a performance problem from an 
abnormal variation in this performance 
indicator. 
Each one of these two steps is explained in this 
section. This procedure was elaborated and patented by 
IES-UPM [29,30]. 
 
3.1 Construction of the Performance to Peers (P2P) 
The P2P is constructed from comparison between 
the energy produced by a PV system and the energy 
produced by its peers. This is in turn achieved through 
three main successive steps: 
A) Normalize the energy outputs from all the 
PV systems. This makes comparisons easier. 
B) Determine and quantify the degree of 
correlation that exists between the energy 
outputs of any two PV systems. 
C) Calculate P2P. This is achieved from 
comparison of the normalized energy outputs 
of a given PV system and of its neighbors. The 
comparison between two neighboring PV 
systems is given more weight if their degree of 
correlation is higher. 
The next paragraphs describe these three steps. 
 
A) Normalize the energy outputs from PV systems 
The Capacity Utilization Factor (CUF) is defined as:  
 
TP
E
CUF PV
*
  
 
CUF allows normalizing the energy output of a PV 
system (EPV) by its peak power (P
*) and the time interval 
(T) during which the energy was produced. It thus allows 
comparing the energy output corresponding to PV 
systems of a different peak power, and during different 
time intervals. CUF is expressed in [%] and it represents 
the fraction of the energy produced by the PV system 
relatively to the energy that would have been produced 
during the same time interval if the PV system were 
producing at peak power during the whole time interval. 
A CUF of 100% means that the system has produced 
energy equivalent to P* times T during the time interval 
T. 
 
B) Quantify the correlation between the PV systems 
Among all the possible neighboring PV systems 
available, we need to determine which ones are the best 
peers for a given PV system. 
The neighboring PV systems usually differ in PV 
technology, orientation and tilt angles, PV array’s peak 
power, and components’ quality, and even the 
information provided by BIPV owners and installers on 
these characteristics is often inaccurate [31]. 
Furthermore, neighboring PV systems can often 
operate under different weather conditions, in particular 
when considering short time intervals. 
The only accurate information that is available to us 
is often the energy output data. Therefore, we have 
developed an algorithm that is able to identify the best 
peer PV systems from the degree of correlation between 
their CUF. For that purpose, we use statistical 
correlations based on the variance and on the covariance 
of the ratio between the CUF of two PV systems. 
 
C) Calculate the Performance to Peers (P2P) 
The P2P of a given system is calculated from 
comparison between its CUF and the CUF of its peers. 
This comparison between two peer PV systems is given 
more weight if the degree of correlation of their CUF is 
higher. 
 
3.2 Automatic fault detection from P2P variations 
The automatic fault detection procedure is carried 
out through the establishment of a minimum threshold 
value of P2P, below which the performance of the PV 
system is considered as abnormally low. 
Figure 4 shows the histogram of daily P2P 
corresponding to one BIPV installation in Belgium for 
each day of the year 2012. We can identify two distinct 
distributions. 
 Most of the P2P values (in green) are clustered 
at the right of the graph, around values close to 
1. These values are distributed following a 
somewhat normal (Gaussian) distribution. 
These P2P values are representative of the 
normal (faultless) functioning of the PV 
system. The Gaussian distribution itself is due 
to the intrinsic uncertainties affecting P2P. 
 Other P2P values (in red), much less frequent, 
are found anywhere between 0 and 0.9. These 
P2P values correspond to performance 
problems (or faults). 
The fault detection threshold needs to separate these 
two different P2P populations. The human eye would set 
this threshold around P2P values of 0.93. In that region 
(in orange), there is unavoidable overlap between the two 
populations. This implies that for these intermediate P2P 
values, it is impossible to know for certain whether they 
belong to normal or abnormal operation. Our fault 
detector will therefore qualify some faulty P2P values as 
normal, and some normal P2P values as faulty. 
In statistical hypothesis testing [32], these kinds of errors 
of misjudgments are called errors of type I and type II. 
These errors are incorrect rejection of, respectively, a 
true null hypothesis, and incorrect failure to reject a false 
null hypothesis. More simply stated, a type I error is 
detecting a performance problem that is not present, 
while a type II error is failing to detect a performance 
problem that is present. The exact value of the threshold 
is therefore a matter of compromise between the two 
types of errors. 
We have chosen to establish the threshold value so 
that the probability of error of type I (i.e., to state the 
existence of a performance problem when the PV system 
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is functioning properly, or put in another way, to emit a 
false alarm) is below 0.3%. 
We find this threshold as follows: 
 We locate the center of the Gaussian 
distribution. We do it by calculating the median 
of the whole distribution. 
 We calculate the standard deviation of the 
Gaussian distribution. Before calculating this 
standard deviation, we need to exclude the 
abnormal P2P values, which would increase it 
artificially. We calculate standard deviation of 
these normal functioning values by calculating 
the standard deviation of the P2P values 
located at the right of the central value of the 
Gaussian distribution. 
 We establish the value of the threshold as the 
central value of the Gaussian less three times 
the standard deviation of this Gaussian 
distribution. This leads to a probability of type I 
error of 0.3% [32]. 
 
 
Figure 4: Histogram of daily P2P on a BIPV system 
during the whole year 2012. The green bars are 
representative of the normal operation of the PV system. 
The red bars are probably due to performance problems. 
The orange bars correspond to an intermediate zone 
where there is an overlap between the two populations. 
 
 
4 RESULTS 
 
 We illustrate the application of our procedure to one 
BIPV system located in the South of Belgium, during a 
period of one year, from April 1st, 2012, to March 31st, 
2013. 
 The resulting P2P calculated for this installation is 
presented at hourly, daily, and monthly levels.  
 The corresponding PR values have also been 
represented on this figure to allow for comparisons 
between both performance indicators. 
 The application of the automatic fault detector is 
shown on the hourly data. 
 
4.1 Hourly P2P 
 Figure 5 shows the hourly P2P and PR. The P2P 
turns out to be much more stable than PR overall. 
 The period from December 2012 to March 2013 is 
characterized by P2P values notably low. This period 
was marked by episodes of snow, which covered partially 
or totally the PV generators. During this period, we 
therefore simultaneously observed low energy production 
and low P2P values. 
 
 
Figure 5: Hourly P2P and PR values observed on one 
BIPV system from April 1st, 2012 to March 31st, 2013. 
 
 Figure 6 shows the histogram corresponding to all the 
P2P values of figure 5. The histogram shows a Gaussian 
trend for the P2P values that correspond to a proper 
functioning of the PV system. Performance problems 
appear as P2P values that are significantly lower and are 
spread over a large range of values, corresponding to 
different kinds of performance problems. A group of 
zero-values of P2P is also visible on the left of the 
histogram, corresponding to zero-production faults. The 
failure detection threshold was calculated as 0.65. 
 
 
Figure 6: Histogram of hourly P2P and PR values 
observed on one BIPV system from April 1st, 2012 to 
March 31st, 2013. 
 
3.2 Daily P2P 
 Figure 7 shows the daily P2P and PR. The P2P is 
relatively stable over the whole period, except during the 
period already mentioned before and corresponding to 
snow episodes, where P2P falls notably. This period is 
also marked by a high variability of PR values. Similar 
observations were made on the majority of the BIPV 
systems in Belgium, and were tracked back to high 
inaccuracy in the solar radiation data provided by the 
satellites in presence of snow cover, high cloudiness and 
low solar angles. The corresponding failure threshold was 
calculated to be 0.77. This value is higher than for hourly 
values, because the P2P is more stable at a daily level. 
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Figure 7: Daily P2P and PR values observed on one 
BIPV system from April 1st, 2012 to March 31st, 2013. 
 
4.3 Monthly P2P 
 Figure 8 shows the monthly P2P and PR. Similarly to 
what was observed at hourly and daily levels, the P2P is 
stable over the whole period, showing lower values 
during the snow episode of the winter. The PR shows a 
seasonal trend due to the effect of temperature, with 
lower values during the summer months. This seasonal 
trend is not visible on P2P. The corresponding fault 
detection threshold was calculated as 0.775, which is 
nearly the same as for daily P2P. 
 
 
Figure 8: Monthly P2P and PR values observed on one 
particular BIPV system in Belgium from April 1st, 2012 
to March 31st, 2013. 
 
 
5 DISCUSSION 
 
 Our results confirm that it is possible to carry out 
automatic fault detection procedures without solar 
irradiation data. 
 P2P proves to be more stable than PR most of the 
time, and thus constitutes a more reliable performance 
indicator for fault detection procedures. 
 Even though the energy output data that we analyzed 
were monitored at a 10-min level, we found that it was 
generally unnecessary and even counterproductive to 
construct a P2P below the hourly level. The main reason 
is that the 10-min P2P are more unstable under fast 
changing weather conditions. The integration of 10-min 
data into hourly data plays the role of a low-pass filter 
which greatly improves the stability of P2P. 
 
 The goodness of P2P applied to one PV system 
depends on the number of peer PV installations located 
nearby. It is not straightforward to determine how many 
peer installations are necessary to lead to a P2P that is 
accurate enough to allow for effective fault detection 
procedures. Generally, we have come to the conclusion 
that most of the time, 10 peers at less than 10 kilometers 
lead to very good results. When fewer peers are available, 
then the accuracy of P2P depends on several parameters: 
 The temporal resolution at which the fault 
detection is attempted. The higher is the 
temporal resolution, the higher is the variability 
of P2P due to the dynamical character of 
weather fluctuations. It is much easier to obtain 
a reliable P2P at daily level than at hourly 
level. 
 The kind of performance problem that needs to 
be detected. Some faults induce large variations 
in P2P, while others are only visible through 
small variations of it. The faults that are more 
difficult to detect require a more accurate P2P. 
Fortunately, in general the faults that are the 
easiest to detect are also the most relevant in 
terms of energy losses. 
 The similarity between the main characteristics 
of one PV installation (orientation and tilt 
angle, PV module technology…) respect to its 
neighbors. If a PV installation presents 
characteristics that are very uncommon, the 
energetic behavior of its neighbors presents a 
poorer correlation with it, making more 
difficult the construction of a reliable P2P. This 
can happen when the PV installation has few 
neighbors, has uncommon orientation and tilt, 
or is equipped with uncommon PV module 
technology. 
 The weather conditions play an important role 
on the goodness of P2P. It is much easier to 
obtain a stable P2P when all the neighboring 
PV systems are under clear-sky conditions, 
than in presence of cloud covers composed of 
many small and fast moving cumulus that 
provoke very heterogeneous weather conditions 
at extremely local levels. Under these 
conditions, previous works [33] have 
demonstrated that two PV systems separated 
only one kilometer from each other can receive 
a solar irradiation that can greatly differ at 
hourly level, and even at daily level. This 
translates into a problem of spatial and 
temporal resolution. Fortunately, we do not 
always need to detect problems under any 
weather conditions, or at each moment. We can 
filter out these too unfavorable weather 
conditions and apply our procedures only to the 
more favorable conditions. 
 When not enough peers are available and P2P is not 
stable enough, then we use a fault detector that is 
constructed from solar irradiation data. For this purpose, 
we construct a Performance Index (PI) [11,12]. PI is a 
ratio between the energy produced by a PV system, and 
the energy that this system would produce if it were free 
of any kind of avoidable performance losses. A PI of 
100% corresponds to a PV system equipped with an 
inverter and a PV generator whose real power and 
characteristics coincide with their rated nominal value, 
and which is free of failures, shading, soiling and wiring 
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losses. PI still suffers from the uncertainties in solar 
irradiation, but it is more stable than PR, because it does 
not suffer from the variations due to the PV generator’s 
thermal losses and the other avoidable energy losses. 
 The good results obtained from the use of P2P do not 
imply that solar irradiation data are useless. Solar 
irradiation data and P2P are no enemies, and they are 
even complementary. 
 Several researches are currently working on novel 
methods that are able to improve on the solar irradiation 
data provided by satellites by merging them with ground 
measurements carried out with pyranometers [34,35]. 
 Other works have also demonstrated that the power 
output of a PV module can be used as a sensor of solar 
irradiance [36]. Our recent research activities have shown 
that solar irradiation data could also be obtained from the 
energy output data of neighboring PV systems [37].  
 There are thus interesting possibilities to improve on 
the quality of solar irradiation data by combining the 
information provided by satellites, pyranometers and PV 
installations. 
 This contribution has presented a method that allows 
to detect a performance problem, but not to identify 
which is its cause. This is nevertheless possible, and it is 
currently the subject of intense research from our part, 
and we have already been able to diagnose several of the 
most relevant performance problems. These performance 
diagnosis procedures are out of the scope of the present 
article. 
 These automatic fault detection procedures are now 
available for the PV sector through Web services that are 
commercialized by WebPV [38], a spin-off company 
from IES-UPM. These Web services are particularly 
suitable for BIPV installers or monitoring companies.  
 We thereby hope to collect as much data as possible, 
as diversified as possible, in order to continue the 
research, improve on our models, and offer more services 
to the PV community. 
 
 
6 CONCLUSION 
 
Our results confirm that it is possible to carry out 
automatic fault detection procedures without solar 
irradiation data. 
P2P proves to be more stable than PR most of the 
time, and thus constitutes a more reliable performance 
indicator for fault detection procedures. 
 The goodness of P2P applied to one PV system 
depends on the number of peer PV installations located 
nearby. 
There are interesting possibilities to improve on the 
quality of solar irradiation data and fault detection 
procedures by combining the information provided by 
satellites, pyranometers and PV installations. 
 These automatic fault detection procedures are now 
available for the PV sector through Web services. These 
Web services are particularly suitable for BIPV installers 
or monitoring companies. 
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